In response to starvation, Bacillus subtilis cells differentiate into different subsets, undergoing cannibalism, biofilm formation or sporulation. These processes require a multiple component phosphorelay, wherein the master regulator Spo0A is activated upon phosphorylation by one or a combination of five histidine kinases (KinA-KinE) via two intermediate phosphotransferases, Spo0F and Spo0B. In this study, we focused on KinC, which was originally identified as a sporulation kinase and was later shown to regulate cannibalism and biofilm formation. First, genetic experiments using both the domesticated and undomesticated (biofilm forming) strains revealed that KinC activity and the membrane localization are independent of both the lipid raft marker proteins FloTA and cytoplasmic potassium concentration, which were previously shown to be required for the kinase activity. Next, we demonstrated that KinC controls cannibalism and biofilm formation in a manner dependent on phosphorelay. For further detailed characterization of KinC, we established an IPTG-inducible expression system in the domesticated strain, in which biofilm formation is defective, for simplicity of study. Using this system, we found that the N-terminal transmembrane domain is dispensable but the PAS domain is needed for the kinase activity. An in vivo chemical cross-linking experiment demonstrated that the soluble and functional KinC (KinC
INTRODUCTION
Upon starvation, Bacillus subtilis cells undergo a series of distinct developmental phases, including competence, biofilm formation, cannibalism (a mechanism to delay sporulation by providing nutrients from dead cells) and sporulation (González-Pastor, 2011; Piggot & Hilbert, 2004; Shank & Kolter, 2011; Sonenshein, 2000) . Extensive studies have elucidated a detailed genetic network of genes involved in these events after starvation (Burbulys et al., 1991; Grossman, 1995; Hoch, 1993; Piggot & Hilbert, 2004; Sonenshein, 2000) . The heart of this network is a phosphorelay in which a phosphoryl group is transferred from multiple histidine kinases to a master transcription regulator, Spo0A, through two intermediate phosphotransferases (Spo0F and Spo0B) (Burbulys et al., 1991) . The multi-component phosphorelay is thought to provide multiple entry points for a wide variety of environmental signals (Grossman, 1995; Hoch, 1993) . In this view, environmental signals are recognized and processed by the components of the phosphorelay and dedicated phosphatases such as RapA for phosphorylated Spo0F (Spo0F~P) and Spo0E for phosphorylated Spo0A (Spo0A~P) (Jiang et al., 2000; Perego & Hoch, 2002) . As an initial event, a yet unidentified environmental or intracellular starvation signal(s) is supposed to be recognized by one or a combination of the N-terminal sensor domains of the five histidine kinases, resulting in autophosphorylation of the histidine residue within the C-terminal domain (Hoch, 2000; Stephenson & Hoch, 2002) . Therefore, the unknown environmental stimuli ultimately appear to be processed for Spo0A phosphorylation via the phosphorelay network. However, the mechanism of the initial event for the phosphorelay reaction is as yet imperfectly understood.
Upon starvation, cells initially start producing Spo0A~P at relatively low levels, resulting in the switching on/off of the low-threshold Spo0A~P-regulated genes, including those involved in cannibalism and biofilm formation. During extended times of starvation, cellular levels of Spo0A~P increase gradually and reach a threshold for control of genes that are directly involved in sporulation, such as spoIIA and spoIIG . Therefore, cannibalism and biofilm formation in B. subtilis are known as alternative developmental processes that are independent of sporulation but are controlled by the master regulator Spo0A~P upon starvation (González-Pastor, 2011; Ló pez et al., 2009c) .
While KinA and KinB are known to be primarily responsible for sporulation (Jiang et al., 2000; , a gene for a transmembrane kinase, KinC, has been identified as a suppressor of a sporulation-defective mutation of spo0K (gene for oligopeptide permease) or of a missense mutation of spo0A (E14V) (Kobayashi et al., 1995) . Under these genetic conditions, KinC plays a role in promoting sporulation by directly transferring a phosphoryl group from KinC~P to Spo0A or its mutant protein in a two-component manner (Kobayashi et al., 1995; .
More recently, using the undomesticated B. subtilis strain NCIB 3610, KinC has been demonstrated to contribute to triggering biofilm formation (Ló pez et al., 2009a) . In the proposed model, the lipopeptide antibiotic surfactin is secreted into the medium by some cells in culture, thereby inducing membrane leakage of other cells in the population, leading to lowering the intracellular potassium concentration. Finally, KinC senses this decrease in cytosolic potassium concentration with its N terminus PAS (Per-ARNT-Sim) domain, which is known to modulate protein interaction and/or sense environmental signals, to trigger its autokinase activity (Ló pez et al., 2009a, b, c) .
Another paper reported that KinC colocalizes with FloT and FloA proteins which are homologous to Flotillin-1, a eukaryotic protein found exclusively in lipid rafts (Browman et al., 2007) , and that the kinase activity is dependent on the hypothetical bacterial lipid raft integrity . Taken together, these results suggest that in the undomesticated strain, the activity of KinC is regulated by multiple processes in a manner dependent on the environmental conditions, resulting in different cell-fate outcomes.
By contrast, using the domesticated strain that lacks ability to synthesize surfactin (Nakano et al., 1988) , Hobbs (2006) demonstrated that cells of the kinC mutant strain were shown to start sporulation sooner than those of the WT strain, similar to mutants of cannibalism toxin operons (skf and sdp) (González-Pastor et al., 2003) . These results suggest that in the domesticated strain, genes involved in cannibalism are positively regulated by KinC but are independent of surfactin.
Thus, to date, it remains unknown how KinC becomes active to induce cannibalism in the domesticated strain with no surfactin production. Furthermore, in the undomesticated strain, the detailed mechanisms of how KinC senses potassium concentration via the PAS domain and becomes active by forming a complex with lipid raft proteins, leading to multicellularity, are not clear (Ló pez et al., 2009a) .
As a first step towards solving these problems, it is essential to characterize the relationship between the structure and function of KinC. Until now, conventional biochemical approaches have not been successful due to difficulties concerning the purification of the membrane-bound kinase. Furthermore, in vivo functional characterization was not possible due to the lack of proper procedures to monitor only KinC activity among that of the other sporulation kinases in a quantitative manner.
Here, to characterize the activity and function of KinC in cannibalism and biofilm formation, we performed genetic experiments using both the domesticated and undomesticated strains with mutations in the genes for the flotillinlike proteins (FloT and FloA). Furthermore, we established an in vivo quantitative and functional assay system for KinC using an IPTG-inducible expression system. With this, we performed in vivo quantitative domain-based stepwise deletion analyses and determined the minimum functional domain of KinC. Furthermore, in vivo chemical cross-linking experiments suggested that KinC forms a functional tetramer mediated by the PAS domain, which is known to be involved in protein-protein interactions in some of the histidine kinases of bacterial two-component systems (Taylor & Zhulin, 1999) . Thus, our results provide further insights into the structure and function of KinC.
METHODS
Strain and plasmid construction. B. subtilis strains PY79 (Youngman et al., 1984) and DK1042 comI Q12L (competent NCIB 3610, a gift from Daniel Kearns (Indiana University) and also available as B. subtilis 3A38 at the Bacillus Genetic Stock Center, BGSC, Ohio State University, Columbus, OH, USA) (Konkol et al., 2013) were used as the parental strains for all experiments. Detailed genotypes of all strains are shown in Table S1 (available in the online Supplementary Material). B. subtilis strains were constructed by transformation with either chromosomal DNA or plasmid DNA as described by Harwood & Cutting (1990 (Kühn & Torres, 2002) . Therefore, using a BKE strain together with the Cre recombinase expression plasmid pDR244, a markerless deletion strain can be constructed. More detailed information is available upon request at BGSC (http:// www.bgsc.org). Standard recombinant DNA techniques including plasmid DNA construction and isolation using Escherichia coli DH5a were performed as described by Sambrook & Russell (2001) . The plasmids used in this study are listed in Table S2 . Detailed procedures for plasmid construction are provided in the Supplementary Methods. The oligonucleotide primers used are listed in Table S3 .
Media and culture conditions. To induce the synthesis of KinA, KinC, their mutant proteins, or their fusion proteins with GFP, each of these genes was placed under the control of the Phy-spank promoter (Britton et al., 2002) . IPTG was added to Luria-Bertani (LB) cultures during the exponential growth phase (OD 600 of 0.5) as the rich medium conditions. Sporulation of the WT and mutant B. subtilis strains (that is, strains lacking the IPTG-inducible construct) was induced by nutrient exhaustion in liquid Difco sporulation medium (DSM) (Harwood & Cutting, 1990) . Sporulating colonies were examined on solid DSM supplemented with agar (1.5 %) as described by Harwood & Cutting (1990) . For colony and wrinkle formations of the undomesticated strains, 2 ml of the exponentially growing cells in LB was spotted onto solid MSgg medium (Branda et al., 2001 ) and incubated at 30 uC until colony morphology was well established. Pellicles, which are biofilms formed at the air-liquid interface, were grown in liquid MSgg medium without agitation at 30 uC in a 12-well plate (Branda et al., 2001) . The undomesticated strains having the PtapA-lacZ reporter were grown in liquid MSgg supplemented with threonine (40 mg ml 21 ) (MSgg-Threonine) for bgalactosidase assay.
Sporulation efficiency and b-galactosidase assays. The domesticated and undomesticated strains were grown in DSM for 16 h at 37 uC and MSgg for 48 h at 30 uC, respectively. The numbers of total viable cells and spores were determined as c.f.u. before and after incubation at 80 uC for 10 min, respectively. Assays of b-galactosidase activity were performed as described by Harwood & Cutting (1990) . Detailed conditions are described in the figure legends.
Immunoblot analysis. Immunoblot experiments were performed as described previously (Eswaramoorthy et al., 2011) . In brief, whole-cell lysates for immunoblot analysis were prepared by sonication. Protein concentration was measured using the Bradford method (Pierce). Total proteins were subjected to SDS-PAGE (16 % acrylamide) and transferred to a nitrocellulose filter.
Protein purification. All His-tagged proteins were expressed in E. coli BL21(DE3) and purified as described previously (Eswaramoorthy et al., 2011; Fujita & Losick, 2003) .
In vitro phosphorylation. Phosphorylation reactions were performed as described previously (Eswaramoorthy et al., 2011; Fujita & Losick, 2003) .
Protein cross-linking. Protein cross-linking with bis-maleimidohexane (BMH; Pierce) was performed as described previously (Eswaramoorthy et al., 2009) .
Fluorescence microscopy. Fluorescence microscopy was performed as described previously (Eswaramoorthy et al., 2009) . To randomize the sampling, all cells within a field were analysed by use of Slidebook software (Intelligent Imaging Innovations). Only representative images are shown.
RESULTS
KinC controls the expression of cannibalism genes in a manner independent of surfactin and the bacterial flotillin-like proteins FloT and FloA
We attempted to investigate the role and significance of KinC during growth and sporulation in the domesticated strains. For this, we began by confirming the results of Hobbs (2006) , in which the kinC mutant was shown to start sporulation sooner than the WT strain, similar to a mutant of the cannibalism toxin gene sdpC (González- Pastor et al., 2003) . Cells of the WT strain and each of three kinase mutants (kinA, kinB or kinC) were grown on solid DSM. We found that the colony of the kinC mutant was whiter and more opaque than those of the other kinase mutants (DkinA and DkinB) but similar to that of the mutant of sdp (DsdpC) (Fig. 1a) . These results are essentially consistent with those of Hobbs (2006) , indicating that the kinC mutant starts sporulation sooner than the WT strain. We note that the domesticated strain is defective of surfactin production due to mutations in genes required for its synthesis (Nakano et al., 1988) . Thus, our results together with those of Hobbs suggest that KinC is active and regulates cannibalism in the absence of surfactin (Hobbs, 2006) .
A previous report indicated that, in the undomesticated strain, KinC activity is dependent on the bacterial flotillinlike proteins FloT and FloA and that the double mutant of floT and floA phenocopies the kinC mutant (Ló pez . These results prompted us to test whether the cells with deletion of the FloT and/or FloA genes start sporulation sooner than normal due to the deficiency of KinC activity. To construct these deletion mutant strains, we obtained strains harbouring null mutations for these genes from BGSC and transferred the mutated gene to each of the domesticated recipient strains as described in Methods. We verified by PCR that each of the mutated genes was introduced properly into the strains tested (Fig.  S1 ). Unexpectedly, we found that none of the floT and/or floA mutants phenocopy the deletion of sdp or kinC (Fig.  1a) . We also found that sporulation efficiency in the floTA mutants is similar to the levels observed in the WT strains under starvation conditions [~10 8 spores (ml culture)
21
] in DSM, contrary to the results reported by Yepes et al. (2012) on MSgg medium.
To verify the above results quantitatively, we measured the b-galactosidase activity of a lacZ transcriptional fusion to the sdp promoter in the WT, each of the three kinase mutants (DkinA, DkinB and DkinC) and the floTA mutant strains (DfloT, DfloA and DfloTA). During growth, the sdp operon is subject to repression by AbrB, a transition state regulator. In the early stages of sporulation, a low dose of Spo0A~P represses abrB, which leads to a decrease in AbrB concentrations, resulting in the derepression of the sdp operon Hobbs, 2006) . In DSM, a markedly reduced level of b-galactosidase reporter activity from the sdp promoter was observed in the kinC null mutant, in support of our observations of colony morphologies (Fig. 1a) and also similarly to the results reported by Hobbs (2006) (Fig. 1b) . These results suggest that expression of sdp is, at least in part, dependent on KinC under sporulation conditions. Consistent with the results of the accelerated sporulation phenotype assays (Fig. 1a) , there was no significant decrease in the reporter activities in the floT and/or floA mutants (Fig.  1b) . Therefore, these results support the notion that KinC controls the expression of cannibalism genes, thereby delaying sporulation. Furthermore, in contrast to the previous study , we found that neither FloT nor FloA was involved in KinC activity under the conditions tested. We note that, in the kinA and kinB deletion mutants, b-galactosidase activities were higher than those in the WT control; while the detailed mechanisms are not clear, this might be interesting to study in the future.
KinC activity required for biofilm formation is independent of the bacterial flotillin-like proteins FloT and FloA Next, we wondered whether the difference in the genetic background between the domesticated and undomesticated strains used could account for the above-described contradictory findings. To test this, we constructed strains harbouring mutations in the floT and/or floA loci in the undomesticated genetic background. To construct these strains, we transferred the mutations to the competent undomesticated strain, which behaves similarly to strain NCBI 3610 in terms of biofilm formation and sporulation (Konkol et al., 2013) . We verified that each of the mutant genes was introduced into the recipient strain properly by PCR (Fig. S1) . These strains were then grown on solid and liquid MSgg media, which is generally used for biofilm formation (Branda et al., 2001) , to observe wrinkled colony and pellicle formation, respectively (Fig. 2a, b) . Once again unexpectedly, no significant differences in biofilm morphology were found between the WT and the floTA deletion strains, indicating that FloT and FloA are not directly involved in biofilm formation (Fig. 2a, b) . For quantitative assay of biofilm formation, we measured expression levels of a biofilm marker gene, tapA, using a lacZ promoter fusion construct (PtapA-lacZ) in these strains under biofilm conditions in liquid MSgg medium. We verified that b-galactosidase activities from the biofilm reporter were significantly decreased only in the kinC mutant strain, but not in the floTA mutant strains (Fig. 2c) . Contrary to the previous report (Yepes et al., 2012) , we also observed that the floTA mutant strains showed similar sporulation efficiencies to those of the WT strain in liquid MSgg medium (Table S4 ), indicating that the flotillin proteins are not involved in sporulation in the undomesticated strain. Taking all these results together, we conclude that KinC activity required for biofilm formation is independent of the bacterial flotillin-like proteins FloT and FloA under the conditions tested.
KinC activates the expression of cannibalism genes and biofilm formation in a manner dependent on phosphorelay Previous reports suggest that KinC can bypass the requirement of the intermediate phosphotransferases (Spo0F and Spo0B) under certain circumstances (Kobayashi et al., 1995; Ló pez et al., 2009a) while the in vitro experiments indicated that Spo0F rather than Spo0A is predominantly phosphorylated by KinC, suggesting that the four-component phosphorelay is the major pathway (Jiang et al., 2000) . Thus, we tested whether expression of the sdp operon and biofilm formation were activated by KinC in a manner dependent on phosphorelay under in vivo physiological conditions both in the domesticated and undomesticated strains. We first examined the expression level of the lacZ transcriptional fusion to the sdp promoter in the mutant strain for spo0F, 
) and Dspo0A (D0A, MF1831). Cells were grown in liquid DSM to T3 (3 h after time zero) of sporulation, at which time the activities reached the steady state, and assayed for b-galactosidase activities. The mean of three samples is shown with SD. A two-tailed Student's t-test was used for statistical analyses. P values compared with WT are indicated; *P,0.001.
Transmembrane histidine kinase KinC in B. subtilis spo0B or spo0A, as well as in the WT strain under sporulation conditions in DSM medium. As shown in Fig. 1(b) , the reporter activities from the sdp promoter in the spo0F, spo0B or spo0A mutant were detected only at low levels (less than 20 Miller units). These results indicated that under physiological conditions, the threshold level of Spo0A for sdp expression is achieved by KinC through Spo0F and Spo0B in a manner dependent on phosphorelay. Second, using the undomesticated strain, we confirmed that the biofilm formation is dependent on phosphorelay (Fig. 2a, b) as reported by McLoon et al. (2011) . For quantitative assay of biofilm formation, we measured expression levels of the PtapA-lacZ construct in MSgg medium and found that the reporter activities were significantly lower in the spo0F, spo0B or spo0A mutants than those in the WT strain (Fig. 2c) . These results confirm that under physiological conditions Spo0A phosphorylation required for biofilm formation is dependent on phosphorelay.
KinC activity is not dependent on the lowering of intracellular potassium concentrations
It was previously proposed that, in the undomesticated strain, potassium leakage from the cellular membrane is induced by surfactin that is produced by cells in the same population and, as a result, KinC is activated by the lowering of the intracellular potassium concentration, resulting in biofilm formation (Ló pez et al., 2009a) . In these experiments, cells were grown in LB medium supplemented with surfactin to induce biofilm formation. Thereafter, KCl was added to the culture at 150 mM, a level that is close to the intracellular concentration, and diminished biofilm formation was observed. Accordingly, it was proposed that KinC is activated in response to the decreased concentration of the cation when the membrane leakage is induced by surfactin.
We tested the previously proposed model under normal biofilm conditions in MSgg. Our results indicated that pellicle and biofilm were formed in the presence of 150 mM KCl (Fig. 3a, b) . In support of these observations, we found that the reporter activities for biofilm formation (PtapAlacZ) in the undomesticated strain were not diminished in the presence of KCl (Fig. 3c ). In the kinC mutant strain, the reporter activities were lower than those in the WT strain, and their capacities for pellicle and biofilm formations were impaired, regardless of KCl concentrations (Fig. 3a-c) .
Although surfactin production is defective in the domesticated strain (Nakano et al., 1988) , we further tested the effect of potassium on cannibalism. Colony morphology and the reporter activities for cannibalism (Psdp-lacZ) were similar in both the presence and absence of KCl (Fig.  3d, e) . In the kinC mutant strain, the reporter activities were lower than those in the WT strain and the colonies on DSM were whiter than those of the WT strain but similar to those of the mutant of sdp (DsdpC), regardless of KCl content (Fig. 3d, e) . 
and DfloT DfloA (MF6214). Bars, 5 mm. (b) Pellicle formation of the strains shown in (a) was assayed in liquid MSgg. Cells were grown in LB to midexponential phase and a 0.1 ml sample of the culture was inoculated into 2 ml MSgg and incubated at 30 6C without shaking until pellicle formation was well established in the WT strain. Well diameter, 2.21 cm. (c) b-Galactosidase activities from a reporter of biofilm marker gene (PtapA-lacZ) were measured in
and Dspo0A (D0A, MF6028). Cells were grown in liquid LB to mid-exponential phase (OD 600 of 0.5) and transferred to liquid MSgg medium at a low density (1 : 100 dilution). Cells were collected at 8 h after the start of culture, at which time the activities reached the steady state, and assayed for b-galactosidase. The mean of three samples is shown with SD. P values compared with WT are indicated; *P,0.05.
In conclusion, our results indicated that the KinC activity was not inhibited by the addition of KCl to the medium.
KinC localizes as puncta along the cell membrane
A previous study demonstrated that KinC-CFP overexpressed from an IPTG-inducible promoter is colocalized with the lipid-raft protein FloT-YFP in a heterogeneous manner on the membrane. Based on these results, it was proposed that the activation of KinC requires its specific localization to the membrane microdomains . In another report, KinC-GFP was expressed under a xylose-inducible promoter and the protein was found to be associated with the membrane in a heterogeneous manner, although the actual imaging data were not shown (Meile et al., 2006) . To test the membrane localization of KinC-GFP under physiological conditions, the protein was expressed from the native promoter both in the domesticated and undomesticated strains. The resulting strains (MF2660 and MF6071) behaved similarly to the WT strain in sporulation timing and biofilm formation, indicating that the KinC-GFP fusion protein was functional (data not shown). As shown in Fig. 4 , the fluorescence signals in both the domesticated and undomesticated WT strains were detected at the cell membrane as clusters of puncta or patches throughout in MSgg medium, while no signal was detected in PY79 (that is, no GFP tag) (Fig. 4a) . Furthermore, we found that the KinC-GFP localization in the floTA mutant strains was indistinguishable from that in the WT strains (Fig. 4a) . These results suggest that KinC localizes as puncta along the cell length regardless of the strain background in a manner independent of the hypothetical lipid raft microdomains. With immunoblot analysis using anti-GFP antibodies, we verified that expression levels of KinC-GFP were similar in each of the strains tested, while no band was detected in PY79 (Fig. 4b) . Contrary to our results, however, it was previously reported that KinC localizes as a discrete single focus on the specific membrane domain in the undomesticated strain (Ló pez Meile et al., 2006) . The possible sources of the discrepancies in the protein localization between previous results and ours may be the differences of the strain systems and experimental conditions.
To further clarify these discrepancies, using the domesticated strain, we examined the localization pattern of KinC-GFP under the control of the IPTG-inducible promoter in LB medium in the presence of varying concentrations of IPTG. As shown in Fig. S2 , we found that in the presence of 10 mM IPTG, at which the inducer concentration is effective to trigger efficient sporulation ( Figs S3 and S4) , the GFP-fusion protein was detected on the membrane more uniformly and continuously as subtilis strains were grown in LB to mid-exponential phase (OD 600 of 0.5) and a 3 ml sample of the culture was spotted onto MSgg agar with (150 mM) and without KCl, and incubated at 30 6C until colony morphology was well established in the WT strains. Bars, 5 mm. Shown are strains of WT (DK1042) and DkinC (MF5746). (b) Pellicle formation of the strains shown in (a) was assayed in liquid MSgg with (150 mM) and without KCl. Cells were grown in LB to mid-exponential phase and a 0.1 ml sample of the culture was inoculated into 2 ml MSgg medium and incubated at 30 6C without shaking until pellicle formation was well established in the WT strain. Well diameter, 2.21 cm. (c) bGalactosidase activities from a reporter of biofilm marker gene (PtapA-lacZ) were measured in WT (MF5763) and DkinC (MF6061). Cells were grown in liquid LB to mid-exponential phase (OD 600 of 0.5) and transferred to liquid MSgg-Threonine media with (150 mM) and without KCl at a low density (1 : 100 dilution). Cells were collected at 8 h after the start of culture, at which time the activities reached the steady state, and assayed for b-galactosidase. The mean of three samples is shown with SD. (d) Domesticated B. subtilis cells of WT, DkinC (MF1845) and DsdpC (MF6166) were grown on solid DSM with (150 mM) and without KCl for 16 h at 37 6C. Petri dish diameter, 90 mm. (e) bGalactosidase activities from Psdp-lacZ were measured in WT (MF1821) and DkinC (MF1925) in liquid DSM with (150 mM) and without KCl as described in Fig. 2 . The mean of three samples is shown with SD.
Transmembrane histidine kinase KinC in B. subtilis compared with that expressed from the native locus in the WT strain. These results suggest that KinC does not localize at specific sites on membrane under the conditions tested. When overexpressed in the presence of 200 mM IPTG, KinC-GFP was detected more intensely (Fig. S2G,  H) . Under this condition, discrete foci were frequently observed near the membrane, most likely due to the aggregation of the overproduced protein. Detailed imaging data including a three-dimensional deconvolution microscopy image can be found in Fig. S2 .
Taking all these results together, we speculate that, regardless of strain background, KinC is distributed as puncta along the cell membrane in a manner independent of FloTA proteins.
Construction of a quantitative assay system for KinC activity in vivo
In the undomesticated strain of B. subtilis, it has been suggested that the cytoplasmic PAS domain of KinC is important for sensing the effect of potassium leakage in response to surfactin and for the activation of the autokinase activity, leading to biofilm formation (Ló pez et al., 2009a) . In the surfactin-defective domesticated strain (Nakano et al., 1988) , KinC is active and involved in cannibalism (Figs 1-3) . Therefore, it is of interest to know how KinC is activated independently of decreased intracellular potassium concentration in the domesticated strain in the absence of surfactin.
To date it has been technically difficult to monitor KinC activity biochemically because the autokinase activity is not directly measurable due to the instability of phosphohistidine. Therefore, generally, to monitor the histidine kinase activity, an indirect assay using the lacZ reporter gene fused to a promoter under the control of Spo0A~P is performed as described in the previous sections. However, Spo0A-directed genes are controlled not only by KinC, but also by KinA and KinB. Upon starvation, sporulation is triggered mainly through KinA and KinB, but not KinC (Jiang et al., 2000; . For sporulation, KinC is involved in the production of sporulation delaying and killing factors to assist only in delaying entry into sporulation (Hobbs, 2006) . In conclusion, thus far, the only measurable effect of KinC in the domesticated strain is an accelerated sporulation phenotype when only the kinC gene is deleted. Therefore, such delaying effects can be determined only by colony colour, and it has been difficult to measure the true activity of KinC with no involvement of the other kinases (e.g. KinA and KinB) (Hobbs, 2006) . Note that apparently no sporulation occurs in the strain lacking both KinA and KinB and, therefore, the delayed/ accelerated sporulation phenotype cannot be analysed in the WT background. To overcome these technical issues and to provide an improved method for the in vivo quantitative assay of KinC activity, we took advantage of the fact that sporulation is efficiently induced when the levels of KinC are increased by the induction of KinC synthesis using the IPTG-inducible construct (Fig. S3A ) Vishnoi et al., 2013) . First, to exclude the possible involvement of the sporulation kinases KinA and KinB, we constructed a strain harbouring the IPTG-inducible KinC in the kinA and kinB double knockout strain. Second, to monitor the Spo0A activity as a measure of the KinC activity, the PspoIIG-lacZ reporter was introduced into the engineered strain. Third, to exclude the possible effect(s) of the unknown starvation signal(s) on the kinase activity, all experiments were performed in the domesticated strain under nutrient-rich conditions (LB medium).
In LB medium, Spo0A activity and sporulation efficiency increased in a manner dependent on the IPTG concentrations, while little or no sporulation occurred in the WT strain (Fig. S3B, C) . These results were similar to those in our previous reports (Eswaramoorthy et al., 2010; Vishnoi et al., 2013) . Based on these results, the optimum concentration of IPTG to induce efficient sporulation (~10 8 ml 21 , a level similar to the WT sporulating cells) with the synthesis of KinC was determined to be 10 mM. Finally, to confirm the expression levels of KinC at varying concentrations of IPTG, we performed immunoblot analyses using a C-terminal GFP-tagged KinC under the control of a Phy-spank promoter (Fig. S3D, E) . In the presence of varying concentrations of IPTG from 0 to 10 mM, the level of KinC-GFP increased with the IPTG concentrations (Fig.  S3D, E) . We also constructed a strain harbouring KinC-GFP under the control of its own promoter at the native locus in the WT background and used it as a control (Figs S3D, E and S4). At 10 mM IPTG, the level of KinC-GFP in the engineered strain was approximately threefold higher than that in the WT strain ( Figs S3D, E and S4) . We note that when grown in rich medium conditions, Spo0A activity measured by the Spo0A-controlled PspoIIG-lacZ reporter in the WT strain (that is lacking the IPTG-inducible construct) is not detectable, resulting in no sporulation being triggered (data not shown) (Eswaramoorthy et al., 2010) . Thus, using this new system, we established a functional relationship among KinC level, Spo0A activity and sporulation efficiency. One of the important advantages of this system is that, to evaluate the structure and function of KinC, we can exclude the involvement of an unknown starvation signal(s) and other factors including cell density, surfactin and potassium leakage, by using rich medium conditions, under which the WT strain does not produce spores.
The PAS domain, but not the transmembrane domain, is required for KinC activity
Using the system described above, we attempted to determine the minimum functional domain of KinC required for the kinase activity. For this, we constructed a series of domain deletion mutants of KinC and tested Spo0A activities and sporulation efficiencies in each of the constructs. Previously, it was not possible to analyse the kinase activity quantitatively because the expression levels of the mutant proteins were often lower than those of the WT protein (Ló pez et al., 2009a) . Thus, one of the important advantages of our system is that we are able to test whether the same activity levels of KinC and its mutant derivatives are achieved when a similar level of each of the proteins is synthesized in a quantitative manner. As shown in Figs 5 and S3, when 10 mM IPTG was added to the culture medium, sporulation was triggered efficiently by inducing the synthesis of KinC and KinC
DTM1+2
, whereas it was not triggered by inducing the synthesis of the other three constructs, KinC
DTM1
, KinC DPAS and KinC C . These results suggest that among the mutants tested, only KinC DTM1+2 is fully active, similar to the WT enzyme, in vivo. In contrast to the membrane localization of full-length KinC, KinC DTM1+2 displayed a diffuse distribution throughout the cytosol (Fig.  S2I-L) , similar to KinA (Fig. S2C, D) .
Next, expression levels of KinC and its mutant proteins were examined by immunoblot analysis. For this we constructed a series of C-terminal GFP-tagged KinC mutant proteins under the control of the IPTG-inducible Phy-spank promoter (Figs 5, S3 and S4) . Results of immunoblot analysis indicated that the levels of the enzymically active KinC
DTM1+2
, as well as the WT KinC, increased according to the level of inducer added (Figs 5a, b and S3D, E). The Spo0A activities and the number of sporulating cells increased in a manner dependent on the IPTG concentrations (Figs 5a, b and S3B, C). These results suggested that the kinase is constitutively active and independent of an unidentified ligand binding. However, at 10 mM IPTG, expression levels of other non-active mutant proteins (KinC DTM1 , KinC DPAS and KinC C ) were significantly lower than those of the active kinase proteins (Figs 5c-e) . We then wondered whether sporulation could be triggered by an increased amount of the mutant proteins KinC DTM1 , KinC DPAS and KinC C . For this, the effect of the dosage of each mutant protein on Spo0A activity and sporulation was examined with further increased inducer concentrations. For accurate quantification and normalization of protein expression, we performed immunoblot analysis of each of the GFP-tagged WT and mutant proteins expressed from the IPTG-inducible promoter, together with KinC-GFP expressed from the native promoter, using anti-GFP antibodies (Fig. S4 ). As shown in Fig 5(c, d) , in the presence of a high dose of IPTG (200-1000 mM), the levels of KinC DTM1 and KinC DPAS proteins increased to 7-15 times greater than that of the WT. Under such conditions, the Spo0A activity and sporulation efficiency increased to a detectable level (10 3 -10 4 ml
21
), but not to the same extent as the sporulating WT strain. We note that at the 200 mM IPTG concentration, the level of KinC C protein was threefold higher than that of the WT KinC (Figs 5e and S4 ). However, under these conditions, cells showed neither detectable Spo0A activity nor sporulation efficiency (Fig. 5e ).
Finally, we tested whether the soluble KinC DTM1+2 has an autokinase activity and whether the phosphoryl group can be transferred to Spo0A through phosphorelay in vitro. All the protein components were purified and used for an in vitro phosphorylation assay. First, as reported by Jiang et al. (2000) , we verified the autophosphorylation activity of purified KinC DTM1+2 in the presence of radiolabelled ATP (Fig. S5, lane 1) . Second, in the presence of each of the phosphorelay components with KinC
DTM1+2
, the phosphoryl group was transferred stepwise from KinC DTM1+2 to Spo0A via Spo0F and Spo0B (Fig. S5, lanes 2-4) . As reported by , when overexpressed, KinC is able to act directly on Spo0A. Similarly, we observed direct phosphorylation of Spo0A by KinC
, but to a lesser extent than through the complete phosphorelay (Fig. S5 , compare lanes 4 and 6). We verified that Spo0B phosphorylation by KinC DTM1+2 was not detectable (Fig. S5, lane 5) .
Taken together, these results indicated that under our experimental conditions, the transmembrane domain of KinC is dispensable for the autokinase activity. Furthermore, the results suggested that the lesser activities of KinC DTM1 , KinC DPAS and KinC C as compared with KinC and KinC DTM1+2 were not due to lower protein levels in the cells, but rather because the proteins were not fully functional. Results of sporulation efficiencies with a set of strains at each condition tested are summarized in Table S5 .
Cytoplasmic KinC forms a homotetramer mediated by the PAS domain
Many studies in the past have suggested that the PAS domain is involved in protein-protein interactions (Taylor & Zhulin, 1999) . We recently reported that the N-terminal domain of KinA, having three PAS repeats (PAS-A, PAS-B and PAS-C), forms a homotetramer and the ability to form a complex appears to be important for the autokinase activity (Eswaramoorthy et al., 2009) . Similarly, in order to obtain insight into the KinC activity and its complex formation, we performed in vivo chemical cross-linking experiments.
In general, characterization of the oligomeric state of a membrane protein is technically difficult both in vivo and in vitro. Thus, we took advantage of the fact that the soluble KinC DTM1+2 is active as an autokinase (Fig. S5 ). KinC DTM1+2 contains only a single cysteine residue (C118) in the PAS domain while two cysteine residues (C316 and C395) are located near the C terminus. Thus, we used BMH, a thiol-specific cross-linker. Crude cell extracts were prepared from B. subtilis cells expressing KinC DTM1+2 -GFP under the control of the IPTG-inducible promoter in the presence of IPTG (10 mM, at which the enzyme is active) in LB. The cell extracts were then incubated in the presence or absence of BMH. The molecular mass calculated for each of the protein species is shown in Fig. 6 . In the presence of cross-linker, a discrete band corresponding to the tetramer size (272 kDa), but not the dimer size Fig. 5 . Protein dosage effect of KinC and its derivatives on sporulation in the domesticated strain. Cells of the IPTG-inducible strain harbouring the full-length KinC and its mutants were cultured as described in Methods and IPTG was added at the concentrations indicated at the bottom of each panel. IPTG concentration was increased over a wide range (0-1000 mM) in order to increase the protein level of KinC or its mutants. A schematic diagram of each of the proteins is depicted at the top of each panel (a-e). b-Galactosidase activities (Miller units) from PspoIIG-lacZ and spore counts were determined as indicated in Fig. 1 . Results of sporulation efficiencies are summarized in Table S5 . Strains used for b-galactosidase activities were as follows: (a) -GFP and KinC DPAS -GFP, and total proteins (2 mg) from the strain expressing KinC DTM1 -GFP were subjected to immunoblot analyses as described in Methods. A constitutively expressed s A subunit of RNA polymerase was used as a loading control.
(136 kDa), of KinC
DTM1+2
-GFP was detected along with the smear layer (Fig. 6, lane 2) . In contrast, only a discrete band at around monomer size (68 kDa) was detected in the absence of the cross-linker (Fig. 6, lane 1) . In the case of the C-terminal domain of KinC (KinC C -GFP), no obvious tetramer complex was detected while the monomer and smeared bands with some unclear ladders were observed in the presence of the cross-linker, suggesting that the two cysteine residues (C316 and C395) in the C-terminal domain are not primarily involved in complex formation (Fig. 6, lanes 3 and 4) . As a control, we used KinA-GFP and confirmed that it predominantly forms a tetramer (384 kDa) (Fig. 6, lanes 5 and 6) . This control experiment verified that the experimental conditions are well controlled as reported previously (Eswaramoorthy et al., 2009 (Eswaramoorthy et al., , 2011 . We note that, in our previous reports (Eswaramoorthy et al., 2011) , only the monomer size of GFP is detected in the crude extracts from cells expressing GFP alone with immunoprecipitation and chemical-cross-linking, while both monomer and dimer forms of GFP are detected in the GFP crystal structure (Tsien, 1998) . These results suggest that two cysteine residues in GFP are not involved in complex formation under the conditions tested. Furthermore, we have shown previously that neither Spo0F nor Spo0A is detected in the immunoprecipitated fraction of KinA, suggesting that KinA does not form a stable complex with other phosphorelay components in vivo (Eswaramoorthy et al., 2009) . These previous results are consistent with the fact that no physical interaction between KinA and other phosphorelay components was detected by the systematic study of protein-protein interactions using yeast two-hybrid analysis (Fukushima et al., 2006) . These results suggest that the physical interactions among phosphorelay components are not detectable by these methods. While we are not able to fully exclude some other possibilities, such as heterocomplex formations among KinC-GFP and other non-phosphorelay proteins, the simplest and most likely interpretation of our observations is that the soluble and functional KinC DTM1+2 predominantly forms a tetramer. We note that BMH (homobifunctional cross-linker) can produce at most a dimer species if the protein possesses only a single cysteine residue. Thus, we speculate that the KinC tetramer is primarily mediated by the cross-linked cysteine residue located at position 118 in the PAS domain together with two other cysteine residues (C316 and C395) located in the C-terminal domain. Based on these results and discussions, we propose that the fulllength transmembrane KinC is a tetramer mediated by the PAS domain, as a functional kinase.
DISCUSSION
For the functional characterization of KinC, in this study, we used two different in vivo systems: one with conventional genetic approaches both in the domesticated and undomesticated strains and another with an IPTG-inducible system in the domesticated B. subtilis strain. Using the conventional genetic approaches in combination with fluorescent microscopy techniques, we found that: (1) KinC activity and its membrane localization are independent of surfactin, KCl concentrations and the lipid raft marker proteins FloTA; and (2) KinC controls delay in sporulation and biofilm formation through Spo0A in a manner dependent on phosphorelay. The IPTG-inducible system revealed that: (1) the PAS domain, but not the transmembrane domain, is required for KinC activity; and (2) the soluble KinC (KinC
DTM1+2
) forms a functional tetramer. Therefore, our results provide evidence that (1) KinC becomes active irrespective of both the cellular potassium status and the membrane microdomain composed of lipid raft, and (2) the PAS domain is involved in tetramer formation that is required for the kinase activity.
Using the domesticated laboratory strain, KinC was first suggested to be involved in sporulation under certain conditions (Kobayashi et al., 1995; . Recently, in the undomesticated strain, the kinase 
Strains expressing KinC
DTM1+2 -GFP (MF4549) (lanes 1 and 2), KinC C -GFP (MF4609) (lanes 3 and 4) and KinA-GFP (MF3352) (lanes 5 and 6) under the IPTG-inducible promoter were examined for cross-linking experiments. Molecular masses and possible multimeric combinations of each sample are listed at the top. Cells harbouring each of the IPTG-inducible GFP-tagged protein constructs were cultured in LB medium in the presence of IPTG (10 mM). Cell extracts were prepared from each strain after 2 h of IPTG addition in LB culture and processed for the BMH crosslinking reaction (+) as described in Methods. Samples processed in the absence of BMH were used as controls ("). Samples (total proteins corresponding to 0.33 ml of LB culture after IPTG addition per lane) were processed for immunoblot analysis as described in Methods. Filled circles depict the expected sizes of monomer (1) and tetramer (4) forms, respectively. Asterisks indicate unknown forms of protein complexes. The dashed bar indicates the smeared ladders along with the expected sizes of dimer (2) and tetramer (4). A protein size marker (Invitrogen) was used to estimate the protein sizes on SDS-PAGE.
was shown to induce exopolysaccharide matrix production resulting in biofilm formation in a quorum-sensing manner (Ló pez et al., 2009a (Ló pez et al., , b, c, 2010 . A possible mechanism proposed to explain these observations is that in response to increased cell density, ComX pheromone triggers the ComP and ComA two-component system, resulting in the production of surfactin. Thereby, extracellular surfactin causes leakage of intracellular potassium and indirectly stimulates KinC activity by lowering the intracellular concentration of potassium, resulting in biofilm formation. In this context, it is proposed that KinC, using the N-terminal PAS domain, detects a drop of the intracellular potassium concentration and triggers the autokinase activity in the C-terminal catalytic domain (Ló pez et al., 2009a) . In that previous study (Ló pez et al., 2009a) , KinC and its derivatives including the PAS domain deletion mutant were expressed from the native promoter. As a result, expression levels of each of the proteins varied from one strain to another. Thus, it was difficult to conclude whether the KinC activity was intrinsic to the mutant protein or due to its expression level. Accordingly, the proposed model, in which the reduced potassium concentration is sensed by the PAS domain of KinC, is not yet fully implemented.
In this study using a quantitative in vivo assay for the kinase activity in combination with an IPTG-inducible system, we provided evidence that the PAS domain is important for the functional autokinase activity by forming a homotetramer, regardless of the potassium concentration. Furthermore, we verified that, in the undomesticated strain, the potassium concentrations showed no significant effect on KinC activity required for biofilm formation. Thus, the reduction of the kinase activity by the deletion of the PAS domain reported previously (Ló pez et al., 2009a) may be a result of a decrease in the active tetramer formation, but not due to insensitivity to potassium as a result of the removal of the PAS domain. However, these two mechanisms, sensing potassium and tetramer formation, are not distinguished in the previous experimental approach (Ló pez Ló pez et al., 2009a) .
Furthermore, the lipid raft microdomain was proposed to be required for the enhanced activity of KinC . We note that our results clearly show that the bacterial flotillin-like proteins FloT and FloA are involved in neither biofilm formation nor sporulation. We observed that KinC-GFP, when expressed from the native promoter, is localized as puncta along the long axis of the cell membrane in rod-shaped cells, even in the mutant cells lacking bacterial lipid raft microdomain proteins FloT and FloA, regardless of the strain background. These localization patterns with KinC-GFP expressed from the native promoter are rather different from discrete foci as reported previously using the IPTG-(or xylose) overexpression system for KinC-CFP (or GFP) Meile et al., 2006) . Our results were obtained under physiological conditions, suggesting that the membrane localization of KinC may not be mediated by the lipid raft microdomain. Nevertheless, the detailed pathways from the initial KinC activation to the final biofilm formation are still not fully understood. Furthermore, the precise reason for the contradictory results concerning FloTA between our study and previous reports is currently unknown.
During the early stages of starvation, one population of the early sporulating cells produce the Skf and Sdp peptide toxins to kill the other population of still-growing cells (González-Pastor et al., 2003) . The resulting dead cells release nutrients that serve to release the early sporulating cells from the commitment to sporulation. Therefore, the cannibalism phenomenon depends on the existence of a mixed population of cells upon starvation. The deletion mutant of KinC showed an accelerated sporulation phenotype, similar to that of Skf or Sdp (Hobbs, 2006) . Therefore, KinC is involved in the regulation of cannibalism. It has been demonstrated that synthesis of the toxin peptides is activated at early stages of sporulation by a low threshold level of Spo0A~P, while genes directly involved in sporulation are regulated by a high threshold level of Spo0A~P . The proposed mechanisms behind these responses are that low levels of Spo0A~P indirectly activate the expression of the sdp operon via repression of the transition state regulator AbrB, which represses the transcription of the sdp operon during growth. In this process during the transition from growth to sporulation, genes controlled by AbrB might be temporally expressed under the control of the gradual increase in Spo0A~P over the time of starvation . In the domesticated strain, surfactin production is deficient (Nakano et al., 1988) . Therefore, taking all these points into consideration, in the domesticated strain KinC appears to be active and sufficient to induce the synthesis of the killing peptides independent of the detergent and thus irrespective of the intracellular potassium concentrations. Our results presented here support this notion.
Although Spo0F is a more efficient substrate for KinC than is Spo0A, it has been suggested that Spo0A can be directly phosphorylated by KinC to some extent, which may be sufficient to repress AbrB expression to some degree (Jiang et al., 2000) . Our results presented here indicate that transcription of the sdp operon and biofilm formation are activated in a manner dependent on phosphorelay. A WT strain harbouring mutations in both kinA and kinB is not able to sporulate, indicating that KinC activity is not sufficient for triggering sporulation. However, when the KinC protein level is increased, it is sufficient to induce sporulation (Vishnoi et al., 2013) . Based on these facts and observations, we speculate that two different levels (low and high) of Spo0A~P are achieved through two distinct pathways regulated by KinC and KinA, respectively, as follows: (1) when KinC is fully activated during the early phase of starvation, cells produce cannibalism toxin proteins and form biofilm by expressing only a low level of Spo0A~P, mainly through KinC, resulting in avoidance of sporulation decision-making; (2) however, the level of fully active KinC is not sufficient to achieve the threshold of Spo0AyP needed for entry into sporulation during this period; and (3) when KinA activity increases gradually later on, cells ultimately end up forming spores with high levels of Spo0A~P (Ló pez et al., 2009a) .
